Biofilms are extremely tolerant toward antimicrobial treatment and host 32 immune clearance due to their distinct physiology and protection by 33 extracellular polymeric substances. Bis-(3-5)-cyclic dimeric guanosine 34 monophosphate (c-di-GMP) is an essential messenger that regulates biofilm 35 formation by a wide range of bacteria. However, there is a lack of physiological 36 characterization of biofilms in vivo as well as the roles of c-di-GMP signaling in 37 mediating host-biofilm interactions. Here, we employed dual RNA-Seq to 38 characterize the host and pathogen transcriptomes during Pseudomonas 39 aeruginosa infection using a mouse keratitis model. In vivo P. aeruginosa 40 biofilms maintained a distinct physiology compared with in vitro P. aeruginosa 41 biofilms, with enhanced virulence and iron uptake capacity. C-di-GMP 42 synthesis was enhanced in P. aeruginosa cells in vivo, potentially due to 43 down-regulation of the expression of several phosphodiesterases (e.g., DipA, 44
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Introduction 50
Bacterial pathogens are able to form surface-attached, complex-multicellular 51 biofilm communities in clinical settings, including hospital environments and 52 the site of host infection [1] . Bacterial cells within biofilms are encased in 53 extracellular polymeric substances (EPS), which mainly consist of extracellular 54 proteins, exopolysaccharides and extracellular DNA (eDNA) [2] [3] [4] . These 55 densely packed EPS serve as a protective shield that reduces the penetration 56 of antimicrobials as well as phagocytes, thus greatly enhancing the survival of 57 pathogens under hostile environmental conditions [3, 5] . In addition to EPS, the 58 specific physiology and social behaviors of biofilm cells also contribute to their 59 tolerance toward antimicrobials and host immune clearance [6] [7] [8] . 60
Biofilm formation has been proposed to be the main cause of a wide range of 61 persistent infections, including well-characterized cystic fibrosis lung infections 62
[9], dental plaque-induced gingival diseases [10] and urinary tract infections 63
[11]. However, there is a lack of physiological characterization for the presence 64 and/or impact of biofilms in a number of infections. One example is ocular 65 infection, which continues to be the main cause of ocular disease and vision 66 loss [12] . Despite increasing evidence that bacterial biofilms play a role in 67 ocular infections, most studies have been based on in vitro characterizations 68 of the biofilm formation capacity of ocular bacterial isolates [13] . Studies of 69 bacterial physiology and host-pathogen interactions within the ocular tissue 70 might provide mechanistic insights into the pathogenesis of bacterial ocular 71
infections. 72
The Gram-negative opportunistic pathogen Pseudomonas aeruginosa is an 73 important etiologic agent of a variety of ocular infectious diseases [14] . Current 74 evidence indicates that the induction of the T helper 1 (Th1)-type immune 75 response in C57BL/6 mice does not eradicate P. aeruginosa during corneal 76 infections, and contributes to corneal destruction and perforation associated 77
with the mouse keratitis model [15] . The inability of the corneal innate immune 78 response to clear P. aeruginosa infections leads to the hypothesis that biofilm 79 formation protects P. aeruginosa cells against immune clearance during 80 corneal infections. As a model organism for biofilm research, the biofilm 81 formation mechanisms of P. aeruginosa have been well characterized [16] . 82
Biofilm formation and the dispersal of P. aeruginosa is regulated by the 83 intracellular secondary messenger c-di-GMP, which is synthesized by 84 diguanylate cyclase (DGC) enzymes and degraded by phosphodiesterase 85 (PDE) enzymes [17] . A high intracellular content of c-di-GMP represses P. 86 aeruginosa cell motility and induces polysaccharide (Pel, Psl and alginate) 87 synthesis, resulting in biofilm formation in vitro [18, 19] . Lowering the 88 intracellular c-di-GMP content of biofilm cells by inducing the expression of 89 PDE enzymes have been shown to disperse biofilms both in vitro [20] and in 90 vivo [21] . However, it is unclear whether c-di-GMP regulates P. aeruginosa 91 biofilm formation and host-pathogen interactions during ocular infections. 92
In the present study, we employed dual RNA-Seq technology for comparative 93 analysis of the transcriptomes of in vivo P. aeruginosa with different c-di-GMP 94 contents, and we provide evidence that c-di-GMP synthesis is induced in vivo 95 and contributes to biofilm formation and host-pathogen interactions during 96 mouse corneal infection. 97
Materials and Methods 98

Ethics statement 99
All animal experiments were conducted in compliance with the ARVO 100 
Mouse infection experiment 114
Female C57BL6 (6-8 weeks old, 20-30 g) mice (The Jackson Laboratory) were 115 anesthetized subcutaneously with 100 mg kg -1 ketamine and 10 mg kg -1 116 xylene and placed under a stereoscopic microscope. A sterile miniblade 117 (Beaver-Visitec International, MA, USA) was used to make corneal scratches 118 (n=3, each 1 mm long) that did not breach the superficial stroma on the right 119 eye, while the left eye remained untouched [27, 28] . Ten microliters of a 120 bacterial suspension containing 1 x 10 5 colony forming units (CFU)/μl P. 121 aeruginosa was topically applied to infect the scratched cornea. (dpi), 2 dpi, 4 dpi and 7 dpi. As mentioned above, the dissected corneas were 142 stained with SYTO®62 and viewed under a CLSM to evaluate the presence of 143 GFP expression and the total biomass. Planktonic PAO1/P cdrA -gfp and 144 PAO1/p lac -gfp were used as controls. The bacterial cells were cultivated in LB 145 medium for 6 h (mid-log phase) with shaking at 37°C and observed under a 146
CLSM. 147
Construction of the P. aeruginosa PA5442 mutant 148
The upstream and downstream sequences of PA5442 were obtained from the 149 Pseudomonas genome database (http://www.pseudomonas.com/), and the 150 primers used for amplification of the PA5442 are listed in Table 1 . Briefly, the 151 up and down flanking fragments of PA5442 were amplified with primer pairs 152 PA5442-1 & PA5442-2, and PA5442-3 & PA5442-4, respectively. The PCR 153 products were purified and assembled with BamHI and HindIII-digested pK18 154 (Gm r ) plasmid using Gibson Assembly Master Mix (NEB), and then 155 transformed into E. coli DH5α competent cells. Positive transformants were 156 picked and grown in LB medium supplemented with 30 µg/ml Gm. In-frame 157 deletion mutant was generated by triparental conjugation with the aid of 158 RK600 [30]. Mutants were confirmed by amplification using primers PA5442-F 159 and PA5442-R and sequencing. All other mutants were generated in the same 160 manner. 161
Colonizing pattern and immune response characterization 162
Female C57BL6 mice (6-8 weeks old, 20-30 g) were infected with the p lac -gfp 163 tagged P. aeruginosa PAO1 wild-type, ΔwspF mutant or the PAO1/p lac -yhjH 164 strain as described above. To visualize the presence of bacteria and 165 characterize the colonization patterns and recruitment of phagocytes, the 166 infected corneas were dissected at 2 dpi and 7 dpi and stained for 15 min with To measure the cytokines, infected corneas at 2 dpi and 7 dpi were dissected 172 and homogenized using a VCX 750 probe sonicator (Sonics & Materials, US). 173
The cell debris was removed by centrifugation at 13,000 x g for 5 min, and the 174 supernatants were used to characterize the innate immune response. The 175 cytokine levels were normalized to the total proteins using a Qubit ® 2.0 176 Fluorometer (Invitrogen) prior to characterizing the pro-inflammatory response 177 using the Bio-Plex Pro TM Mouse Cytokine 8-plex Assay (Bio-Rad) with the 178 Bio-Plex ® 200 system (Bio-Rad). 179
Transcriptomic analysis 180
RNA preparation 181
Female C57BL6 mice (6-8 weeks old, 20-30 g) were infected with P. 182 aeruginosa PAO1 wild-type as described above. Infected corneas were 183 dissected at 2 dpi and 7 dpi, and total RNA was extracted using the MiRNeasy 184 mini kit (Qiagen). A vigorous Turbo DNA-free protocol was used for DNase 185 treatment (Ambion). The integrity of the total RNA and the level of DNA 186 contamination were assessed with an Agilent 2200 Tapestation (Agilent 187 Technologies) and a Qubit 2.0 Fluorometer (Invitrogen). Three biological 188 replicates were used for the transcriptomic analysis at 2 dpi and 7 dpi, 189 respectively. 190
RNA sequencing and data analysis 191
Gene expression analysis was conducted by Illumina RNA sequencing 192 (RNA-Seq technology). RNA-Seq was conducted for three biological replicates A total of approximately 20 million reads were obtained for each sample. Raw 198 reads were trimmed, adaptor sequences removed and any reads below 50 bp 199 discarded. Trimmed reads were then mapped onto the mouse reference 200 genome, which can be downloaded from the Ensemble database 201 (ftp.ensembl.org) using the "RNA-Seq and expression analysis" application of 202 the CLC genomics Workbench 9.0 (CLC Bio, Aarhus, Denmark). The following 203 criteria were used to filter the unique sequence reads: maximum number of 204 hits for a read of 1, minimum length fraction of 0.9, minimum similarity fraction 205 of 0.8 and maximum number of mismatches of 2. A constant of 1 was added to 206 the raw transcript count value to avoid any problems caused by 0. 207
The raw count table of transcripts was then used as an input for the Deseq2 R 208 package for differential expression analysis [31] . First, the raw counts were 209 normalized according to the sample library size. Next, a negative binomial test 210 was performed to identify the differentially expressed genes. The transcripts 211
were determined as differentially expressed among pairwise comparisons 212 when their absolute fold-change value was greater than five and the 213 associated adjusted P-value was smaller than 0.05. The normalized 214 transcripts were then log2(N+1) transformed prior to principal component 215 System. The rpoD, proC and GAPDH genes were used as endogenous 233 controls. All pairs of primers were confirmed to have an efficiency between 234 90-110% before performing the qRT-PCR. Melting curve analyses were 235 employed to verify the specific single-product amplification. 236
Accession codes 237
The dual-species RNA-Seq data have been deposited in the NCBI Short Read 
Transcriptomes of in vivo P. aeruginosa biofilms 245
To examine the physiology of in vivo P. aeruginosa biofilms and their impact 246 on the host, we performed dual RNA-Seq analysis of biofilms formed by P. 247 aeruginosa PAO1 wild-type, its high intracellular c-di-GMP containing 248 derivative ΔwspF mutant and its intracellular c-di-GMP-depleted derivative 249 PAO1/p lac -yhjH mutant at 2 day-post-infection (dpi) and 7 dpi in the mouse 250 model of experimental keratitis infection, which has recently been suggested to 251 be a biofilm-associated infection according to imaging-based characterization 252
[32]. The ΔwspF mutation, which encodes a repressor for WspG DGC, is 253 frequently observed in P. aeruginosa clinical isolates [33] . We used the 254 heterologous PDE YhjH to deplete the P. aeruginosa intracellular c-di-GMP 255 content [34], which presumably is not subject to regulation in P. aeruginosa 256 since it contains only an EAL domain and is from E. coli. 257
Both P. aeruginosa and mouse corneal RNA were purified from infected 258 corneal samples, and RNA-Seq was performed using the Illumina HiSeq 259 2500 System. Between 404,204 and 1,192,838 reads were mapped to the P. 260 aeruginosa genome from 2 dpi samples, while between 3,238 and 107,380 261 reads were mapped to the P. aeruginosa genome from 7 dpi samples ( Table  262   S1 ). Due to an insufficient number of reads, the P. aeruginosa samples from 7 263 dpi infected corneas were discarded. The transcriptomes of P. aeruginosa 264 PAO1 wild type, ΔwspF mutant and PAO1/p lac -yhjH strain from 2 dpi infected 265 corneas were compared to our previously characterized transcriptomes of in 266 vitro P. aeruginosa PAO1 planktonic cells, biofilm cells and dispersed cells [29] . 267 aeruginosa biofilm cells in vitro. As shown in Figure 1B , these results were 288 consistent with the RNA-Seq analysis ( Supplementary Data 1 and 2) . 289
C-di-GMP synthesis is induced in P. aeruginosa during corneal 290 infections 291
To further capture the "biofilm features" of the in vivo P. aeruginosa cells, we 292 Figure 2C ). To capture the 318 transition stage of p cdrA -gfp expression, we monitored the expression of the 319 p cdrA -gfp fusion in the PAO1/p cdrA -gfp strain at 2 hpi, 4 hpi and 8 hpi, and 320 found that gfp expression was induced in approximately half of the 321 PAO1/p cdrA -gfp cells at 2 hpi ( Figure 2D ), suggesting that c-di-GMP synthesis 322 in P. aeruginosa might be induced shortly after the establishment of corneal 323 infections. At 4 hpi, only gfp-expressing cells were observed in the 324 PAO1/p cdrA -gfp-infected corneas (Figure 2E ), suggesting that bacteria with 325 low intracellular c-di-GMP contents might be eradicated by the host immune 326 system due to their low fitness. At 8 hpi, small biofilm-like aggregates were 327 visualized in the PAO1/p cdrA -gfp-infected corneas with bright GFP fluorescent 328 signals ( Figure 2F ). Expression of the p cdrA -gfp fusion was maintained at a 329 high level in mouse corneal samples at 2 dpi and 4 dpi, suggesting a 330 constitutive increase in c-di-GMP content in P. aeruginosa cells during the 331 course of corneal infection ( Figure 2G and 2H) . Interestingly, expression of the 332 p cdrA -gfp fusion was reduced in PAO1 cells at 7 dpi ( Figure 2I ). No 333 background gfp fluorescence could be detected in the control scratched 334 mouse corneas ( Figure S2) . 335
To identify the potential DGCs responsible for the increased intracellular 336 c-di-GMP content of P. aeruginosa during ocular infections, we first examined 337 the expression of p cdrA -gfp in the PA0169 (siaD) and PA5442 (an 338 uncharacterized gene encoding a GGDEF domain-containing protein) mutants 339 during ocular infection because these two DGC (or potential DGC)-encoding 340 genes were shown to be induced in in vivo P. aeruginosa cells from ocular 341 infection by 2.8 and 2.6-fold, respectively, compared with planktonic cells 342 ( Supplementary Data 3) . However, the p cdrA -gfp fusion was expressed during 343 corneal infection in both mutants ( Figure S3 ), suggesting that the induction of 344 c-di-GMP reporter p cdrA -gfp expression was unlikely to be due to the activity 345 of these DGCs. 346
By examining the transcriptomic data of in vivo P. aeruginosa cells in 347 comparison with planktonic cells, we noticed that the expression of some 348 previously characterized PDE-encoding genes, dipA (PA5017), mucR 349 (PA1727), nbdA (PA3311), PA0575, PA1181, and PA2072, was suggest that c-di-GMP synthesis is induced during P. aeruginosa ocular 366 infections, we hypothesized that increased c-di-GMP content is required for in 367 vivo P. aeruginosa colonization. 368
We monitored the colonization patterns of p lac -gfp-tagged P. aeruginosa PAO1, 369
the ΔwspF mutant (with high c-di-GMP content) and the PAO1/p lac -yhjH 370 mutant (with c-di-GMP depleted) at 2 dpi and 7 dpi. To visualize the interaction 371 between the host immune cells and P. aeruginosa biofilms, the LysoTracker ® 372
Red DND-99 stain (Molecular Probes, USA) was used to identify immune cells 373 in C57BL6 mouse corneas infected with P. aeruginosa. LysoTracker ® Red 374 DND-99 stains the acidic lysosomes of host immune cells such as 375 macrophages and neutrophils. Alexa Fluor® 635 phalloidin was also used to 376 stain the F-actin of eukaryotic cells. As expected, P. aeruginosa PAO1 and the 377 ΔwspF mutant formed large and densely packed microcolonies at the sites of 378 infection, and they were surrounded by phagocytes at 2 dpi ( Figure 3A aeruginosa biofilm formation is believed to be the main cause of persistent 382 infections and tissue destruction. The PAO1/p lac -yhjH strain formed irregular, 383 smaller cell aggregates at the infection sites at 2 dpi, with phagocytes 384 penetrating the P. aeruginosa aggregates ( Figure 3C ). As a consequence of 385 the phagocyte penetration, there were very few PAO1/p lac -yhjH cells remaining 386 at 2 dpi compared with the corneas infected with PAO1 and ΔwspF ( Figure 3A,  387   B) . A large number of phagocytes accumulated at the PAO1/p lac -yhjH infection 388 sites at 7 dpi, with very few visible and viable PAO1/p lac -yhjH cells ( Figure 3F) . 389
Determination of the bacterial load of P. aeruginosa strains at 2 dpi and 7 dpi 390 correlated well with the imaging analysis and showed that c-di-GMP was 391 required by P. aeruginosa for long-term colonization during corneal infection 392 ( Figure 3G) . 393
Increased c-di-GMP content in P. aeruginosa modulates the host immune 394 response 395
Biofilm formation has been proposed to shift bacterial infections from an acute 396 phase to a chronic phase since biofilm cells can evade host immune attack 397 and produce less acute virulence factors compared with planktonic cells 398 [26, 41, 42] . To examine the host responses of mouse corneas toward P. 399 aeruginosa infection, we examined the host-associated RNA reads using a 400 dual RNA-Seq dataset to perform a comparative transcriptomic analysis of 401 mouse corneas infected by the P. aeruginosa PAO1, ΔwspF and 402 PAO1/p lac -yhjH mutants at 2 dpi and 7 dpi. Between 25,457,626 and 403 32,332,158 reads were mapped to the mouse genome (Table S1) . 404
Projection of the host transcriptomes by PCA revealed that P. aeruginosa 405 infections affected host gene expression in a time-dependent manner, during 406 which 8 of 9 host transcriptomes grouped together at 2 dpi independently of 407 the c-di-GMP content of the P. aeruginosa cells ( Figure 4A) . Interestingly, 408 c-di-GMP was shown to affect host gene expression at 7 dpi, with a significant 409 effect on PC1 genes observed in the high intracellular c-di-GMP strain (Figure  410 4A). 411
To further examine the role of c-di-GMP signaling in the modulation of host 412 immune responses, we compared the host transcriptomes after infection by 413 the two c-di-GMP "locked" strains: ΔwspF and PAO1/p lac -yhjH. We excluded 414 the host transcriptome of P. aeruginosa PAO1-infected corneas because of 415 the potential fluctuation of c-di-GMP content of PAO1 during the infection 416 ( Figure 2I To validate the transcriptomic analysis, C57BL6 mouse corneas were infected 436 with the P. aeruginosa ΔwspF mutant and the PAO1/p lac -yhjH mutant. Infected 437 mouse corneas were harvested at 2 dpi and 7 dpi to compare their cytokine 438 levels. In accordance with the transcriptomic analysis, the cytokines IL-10, 439 IFN-ƴ and transforming growth factor TNF-ɑ were all induced at 2 dpi in 440 response to both P. aeruginosa strains ( Figure 4B ); these cytokines were 441 reduced at 7 dpi in corneas infected with the ΔwspF mutant ( Figure 4B ), while 442 they remained at the same levels or increased at 7 dpi in corneas infected with 443 the PAO1/p lac -yhjH strain ( Figure 4B ). The reduced cytokine levels in mouse 444 corneas infected with the P. aeruginosa ΔwspF mutant at 7 dpi compared with 445 2 dpi corresponded well with the very few phagocytes associated with the 446 ΔwspF microcolonies at 7 dpi ( Figure 3E ). In contrast, the high cytokine levels 447 in mouse corneas infected with the P. aeruginosa c-di-GMP-depleted 448 PAO1/p lac -yhjH strain at 7 dpi compared with 2 dpi corresponded well with the 449 large numbers of live phagocytes at the sites of infection at 7 dpi ( Figure 3F) . 450
The cytokine levels have been previously reported to peak at early stages (1-3 451 d) of P. aeruginosa mouse corneal infection and then decline to baseline levels 452 in BALB/c mice and remain at lower levels in C57BL/6 mice at the late stage of 453 corneal infection (5-7 d) [43] . Our study showed that increased c-di-GMP 454 content in P. aeruginosa was associated with the reduction of cytokine levels 455 in the infected corneas of C57BL/6 mice, which suggests that the manipulation 456 of intracellular c-di-GMP content in P. aeruginosa could be further investigated 457 for improving current therapeutic strategies against biofilm-associated 458 infections. 459
Discussion 460
It has been proposed for decades that bacterial biofilm formation is 461 responsible for many persistent and chronic infections. Figure 2D ) and declined at 7 480 dpi ( Figure 2I) . The induction of c-di-GMP signaling in P. aeruginosa during the 481 early stage of ocular infections might be due to the down-regulation of several 482 PDEs ( Figure S1 ), which can lead to an accumulation of c-di-GMP. The 483 induction of intracellular c-di-GMP content is crucial for the survival of P. 484 aeruginosa during the early stage of mouse ocular infections. The 485 PAO1/p lac -yhjH strain was cleared by the mouse immune system much more 486 efficiently than the PAO1 wild-type and ΔwspF mutant strains (Figure 3) . In 487 contrast, lowering the intracellular c-di-GMP in PAO1/p BAD -yhjH and PAO1 at 1 488 dpi had no impact on the survival of these strains during infection (Figure 7) . 489
Similarly, a recent report has shown that c-di-GMP synthesis is also required 490 for the establishment of P. aeruginosa biofilms in vivo during 491 catheter-associated urinary tract infection [46] . 492
We also observed a reduction of P. aeruginosa intracellular c-di-GMP content 493 at 7 dpi, which might have resulted from the production of a large number of 494 antimicrobial components (such as NO) during the course of infection. 495
Unfortunately, due to the technical limitations of our RNA-Seq analysis, we 496 were unable to obtain enough reads and identify potential PDEs responsible 497 for the reduction of c-di-GMP at 7 dpi. 498
High c-di-GMP-containing P. aeruginosa variants (such as the ΔwspF mutant) 499 are often isolated from chronic P. aeruginosa infections [33] . We provide in 500 vivo evidence that a high c-di-GMP-containing P. aeruginosa variant is able to 501 form large microcolonies during ocular infections (Figure 3 ). Phagocytic cells 502 accumulated around but were unable to penetrate the P. aeruginosa biofilm 503 microcolonies in the infected mouse corneas (Figure 3) , in a similar manner to 504 previously demonstrated P. aeruginosa microcolonies in infected lung tissue of 505 cystic fibrosis patients [40] . Phagocytic cells that are recruited to infection sites 506 are likely to cause severe damage during the host inflammatory response [43] . 507
However, our study provides evidence that the P. aeruginosa ΔwspF mutant 508 containing high levels of c-di-GMP also down-regulated Th1/Th2-regulated 509 innate immune responses during the late stage of mouse corneal infection 510 (Supplementary Data 6). C-di-GMP is known to control the production of Pel, 511
Psl exopolysaccharides, CdrA adhesin, Cup fimbriae, and the pyoverdine iron 512 siderophore and to decrease bacterial motility in vitro [19, 47, 48] . These 513 biofilm-associated properties may impair host immune system clearance. For 514 example, P. aeruginosa Psl polysaccharide production and reduced motility 515 have been shown to be linked to a reduction in neutrophil opsonophagocytosis 516 
